ABSTRACT White striping (WS) is one of the most common myopathies identified in broiler chickens leading to substantial production losses, where the incidence reaches 12% in commercial chickens. It occurs primarily in heavier chickens being a modification of the breast muscle characterized by the presence of pale parallel streaks in the same orientation of the muscle fibers. Since the WS etiology remains unclear, we aimed to identify the biological and genetic mechanisms involved in its occurrence through the whole transcriptome analysis of WS in affected and unaffected chicken breast muscles. A total of 11,177 genes were expressed in the pectoralis major muscle. Out of those, 1,441 genes were differentially expressed (FDR ≤ 0.01) between the two analyzed groups, being, respectively, 772 genes upregulated and 669 downregulated in the WS affected group. A total of 36 significantly overrepresented GO terms related to WS myopathy were enriched, and the most relevant biological processes were activation of immune system, angiogenesis, hypoxia, cell death, and striated muscle contraction. The unbalance of those biological processes may trigger the occurrence of the WS phenotype in broilers. The possible lack of capillary blood supply homogeneously in the muscle triggers the hypoxia, following the activation of glycolysis, calcium signaling and apoptosis related genes facilitating the tissue damage and WS incidence.
INTRODUCTION
In the last decades, due to the diversification of world diet, poultry meat became one of the most popular animal protein sources for human consumption (OECD-FAO, 2015) . In the meantime, advances on nutrition, management, and genetic breeding enabled the expansion of broiler production, contributing significantly to the improvements in the production and carcass traits (Havenstein et al., 2001 ). However, the intense genetic selection for fast growth rate, body size, and breast yield has been correlated to the increase of myopathies, which is an important issue that negatively affects poultry production (Bailey et al., 2015) .
The white striping (WS) is one of the most common myopathies identified in broiler chickens leading to substantial production losses. It is estimated that its incidence can be up to approximately 12% in commercial conditions (Petracci et al., 2013) and over 50% in experimental conditions (Kuttappan et al., 2012a) . This myopathy occurs primarily in heavier chickens (Kuttappan et al., 2012a (Kuttappan et al., , 2013a and is described as a modification of the breast muscle, being characterized by the presence of pale parallel streaks in the same orientation of muscle fibers, composed of adipose tissue (Petracci and Cavani, 2012) . WS-affected breasts have distinct fatty acid profiles, are rich in monounsaturated fatty acid, but lack in eicosapentaenoic and docosahexaenoic acids, whereas normal breasts are rich in saturated and polyunsaturated fatty acids (Kuttappan et al., 2012a) . Furthermore, there is a large amount of fat content and a decrease in protein content, resulting in deposition of adipocyte cells in areas of necrotic muscle fibers (Russo et al., 2015) . Nevertheless, the presence of WS does not compromise food safety, although it affects the consumer's acceptance, as well as the breast quality 590 for processing in the industry (Kuttappan et al., 2012b) .
Based on the size and distribution of WS at the ventral pectoralis major muscle (PMM) surface, Kuttappan et al. (2013b) proposed a classification score for WS: normal, moderate, and severe. This condition is characterized by chronic myopathic lesions like loss of cross striations, variability in fiber size, floccular/vacuolar degeneration, and lysis of fibers, mild mineralization, occasional regeneration (nuclear rowing and multinucleated cells), mononuclear cell infiltration, lipidosis, interstitial inflammation, and fibrosis (Kuttappan et al., 2013b) .
The occurrence of WS has been associated with growth rate induced by high-calorie diet, and its severity associated to diets with large amounts of lipids and low amounts of protein (Kuttappan et al., 2012c) . Although it has been found that changing in nutrition in critical periods of growth, such as altering amino acids (Meloche et al., 2018a) , nutrients (Cemin et al., 2018) , and energy content (Meloche et al., 2018b) , can reduce WS in chickens, some of those approaches could compromise performance, not being a practical solution to reduce WS incidence (Meloche et al., 2018c) . Furthermore, it is believed that the genetic pressure to improve growth rates and increase breast meat yield has led to high incidence of WS in broilers (Kuttappan et al., 2012a (Kuttappan et al., , 2013a Mudalal et al., 2014) . Also, heavyweight broilers have more severe lesions than mediumweight broilers (Russo et al., 2015) . Although its etiology remains unclear, a genetic component has already been described, with moderate to high heritability for WS in different commercial broiler lines (h 2 = 0.18 ± 0.01 to h 2 = 0.65 ± 0.08; Bailey et al., 2015; Alnahhas et al., 2016) . Alnahhas et al. (2016) estimating genetic parameters for WS in divergent lines selected for ultimate pH (pHu) of the PMM, found heritability value of 0.65 ± 0.08. This estimate indicates a major genetic component for the manifestation of this condition compared to other myopathies such as wooden breast (WB; h 2 = 0.092 ± 0.01 and h 2 = 0.024 ± 0.004; Bailey et al., 2015) . Recently, more than 42 genomic regions were found to be associated to WS in chickens, showing a complex inheritance of this condition (Pampouille et al., 2018) . This finding reinforces that a better understanding of the WS molecular pathways is an essential step to elucidate strategies to reduce WS incidence in the farm/industry. Therefore, the aim of this study was to identify biological and genetic mechanisms involved in the occurrence of WS through the whole transcriptome analysis of affected and unaffected chicken breast muscle.
MATERIALS AND METHODS

Animals and sample collection
For this study, commercial male broilers (Cobb 500) raised at Embrapa Swine and Poultry National Research Center, located in Concordia-SC, South of Brazil, were used. Broilers were vaccinated against fowl pox and Marek disease at the hatchery. Management conditions followed the recommendation for this commercial line, having free access to food and water. Broilers were slaughtered with 42 d of age by cervical dislocation, and samples of the pectoral muscle were characterized based on clinical examination according to Kuttappan et al. (2013b) . From those, three WS affected and three normal samples were collected by removing the superficial breast muscle, perpendicular to the myofibers, at the same area in the muscle breast and bone keel immediately after slaughter. Approximately, 1 g of tissue was extracted from each chicken sampled and immediately frozen in liquid nitrogen. The affected broilers presented severe injuries, while the unaffected showed no apparent macroscopic lesions. All the protocols used in this research were approved by the Ethics Committee on Animal Use (CEUA) from the Embrapa Swine and Poultry National Research Center under the protocol # 012/2012.
Total RNA extraction, library preparation and sequencing
About 100 mg of the PMM was gently ground in a mortar containing liquid nitrogen and mixed to 1 mL of Trizol (Invitrogen) reagent for total RNA extraction, following the recommended protocol.
RNA samples were quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific Inc., Santa Clara, CA, USA) and samples with OD260: OD280 ratio higher than 1.9 were considered pure. The integrity was also confirmed in 1.5% agarose gel and in Agilent 2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA, USA). Only samples with RIN > 8.0 were used for RNA library preparation.
For RNA sequencing, 2 μg of total RNA were submitted to library preparation using the TruSeq RNA Sample Prep Kit v2 (Illumina, Inc.; San Diego CA, USA) according to the manufacturer´s recommendations. The library sizes were confirmed in the Agilent 2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA, USA) and quantified by qPCR, using primers with Illumina adapters. Paired-end sequencing (2 × 100 bp) was performed in Illumina HiSeq2500 equipment (Illumina, Inc.; San Diego CA, USA) at the Functional Genomics Center, ESALQ, University of São Paulo, Piracicaba, SP, Brazil.
Quality control, assembly, and differential expression analysis
Read quality control was performed using the SeqyClean tool (https://github.com/ibest/seqyclean) with the raw FASTQ data for removing short reads (<70pb), low-quality reads (QPhred < 24), PCR artifacts and adapter sequences. The FASTQ files were deposited in the SRA database, with Bioproject number PR-JNA348179 and Biosample numbers SAMN05905623, SAMN05905624, SAMN05905625, SAMN05905626, SAMN05905627, and SAMN05905628. Sequence reads were mapped against the chicken reference genome (Gallus gallus, assembly 4.0) available in Ensembl page (www.ensembl.org), using BWA-MEM software (Li and Durbin, 2010) . HTseq software (Anders et al., 2015) was used for read counting and EdgeR (Robinson et al., 2009 ) for identifying differentially expressed (DE) genes from WS affected and unaffected groups. Significance threshold for DE genes was set at a false discovery rate (FDR) ≤ 0.01 after multiple correction tests to reduce type I error, following the Benjamini and Hochberg method (Benjamini and Hochberg, 1995) , and a minimum fold change (FC) of 1.2. Heatmaps of DE genes were generated using the expression data for each gene within each sample in the plots package from the R environment (R Core Team, 2015) .
Functional annotation and pathway analysis
DE genes with FDR < 0.01 were clustered according to the biological processes based on GOterm (http://www.geneontology.org/). The pathway analysis was performed in the Kyoto Encyclopedia of Genes and Genomes. For functional annotation, the DAVID Bioinformatics Resources 6.7 database (http://david.abcc.ncifcrf. gov/tools.jsp) was used and the genes expressed in this study were set as background. Gene network analysis was built using the Reactome plugin (Wu et al., 2010) in Cytoscape 3.3 (Shannon et al., 2005) . Genes with positive or negative FC values were considered, respectively, upregulated or downregulated when the WS-affected group was compared to the unaffected group. DE genes classified as uncharacterized proteins had their amino acid sequence aligned against the NCBI database using the BLAST tool protein program (Camacho et al., 2009 ) to determine their biological function.
Confirmation of DE genes using qPCR
To confirm the RNA-Seq results, 32 samples (16 normal and 16 WS-affected) were collected and submitted to qPCR analysis. The total RNA was isolated as previously described, and the first strand cDNA was synthetized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen, USA), following the manufacturer's instructions. Fifteen genes were chosen to be confirmed based on log2FC and FDR values, and their biological functional. For normalization, the geometric mean of Ct values of three reference genes ribosomal protein L30 (RPL30; Petry et al., 2018) The primers were designed in exon-exon junctions using the primer-blast tool (Ye et al., 2012; S1 Table) and evaluated in the Netprimer software (http://www.premierbiosoft.com/netprimer/). The qPCR reactions were performed in the Quantstudio 6 equipment (Applied Biosystems, USA) using the 1X of Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific, USA) and the SYBR Green as fluorophore. Amplification efficiencies were obtained using the LinRegPCR (Ruijter et al., 2009 ) and specificities were evaluated by melting curve analysis using the program from 70
• C to 95
• C at 0.1 • C/s for all genes studied. To confirm the genes, a pairwise correlation was performed to compare the Log2FC between the RNA-Seq and qPCR data, following Zhang et al. (2018) and using the ggpubr package from the R environment (R Core Team, 2015) .
RESULTS
Sequencing and assembly
An average of 16 million reads/sample was generated from the PMM and about 11 million reads/sample were kept after the data quality control. Approximately 96.1% of the reads were mapped against the chicken reference genome Galgal4, with individual sample ranging from 95.25% to 97.12%, which were equally distributed between the WS affected and unaffected groups. Out of those, 73.6% were present in genes.
Differential gene expression and pathway analysis
From the 17,108 genes annotated in the chicken reference genome (Ensembl Galgal4), 11,177 (S2 Table) were expressed in the PMM. Out of those, 1,441 genes were DE (FDR ≤ 0.01) between the two analyzed groups, being, respectively, 772 genes (53.58%) upregulated and 669 genes (46.42%) downregulated in the WSaffected group. The cluster analysis with the DE genes revealed a clear separation between affected and unaffected chickens, suggesting homogeneity in the clinical classification of the WS myopathy ( Figure 1 ). However, it is possible to observe a slightly different profile of the B38-A sample (Figure 1 ), which could be due to differences in the amount of adipose tissue among myofibrils. The 10 most upregulated and downregulated genes in the WS-affected chickens, according to the FDR (Table 1) , were related to muscle tissue, angiogenesis, inflammation, and amino acid metabolism.
Considering the 15 DE genes selected for confirmation, a high concordance between the log2FC of the RNA-Seq and the qPCR analysis ( Figure 2 ) was observed (r = 0.87), showing that the results from RNASeq obtained in this study were consistent. Therefore, it is possible to consider that the qPCR analysis confirmed the RNA-Seq results. The GO enrichment analysis of the 1,441 DE genes detected a total of 140 significantly overrepresented GO terms related to WS myopathy (S1 File), and the most representatives are shown in Figure 3 . Among those, the most relevant biological processes included activation of immune system, hypoxia, tissue structure and development, angiogenesis and blood vessels development, wound healing and muscle development, within others.
From the 1,441 DE genes, 8.19% (118 genes) were uncharacterized proteins, with the top 10 shown in Table 2 . Half of them (five genes) have similarity to chicken immunoglobulin amino acid sequences, and four are 99% to 100% similar to other predicted proteins. Besides that, the uncharacterized protein ENSGALG00000028171 showed 100% similarity with the ryanodine receptor 1-like gene (RYR1) described in chickens, which has an important role on the calcium entrance in the muscle cell (S2 Table) .
The canonical pathway analysis grouped 329 of the 1,441 DE genes in 21 pathways available in the DAVID database (Table 3 ). These were related to biological processes such as angiogenesis, tissue structure and development, localized hypoxia, oxidative stress, inflammation, response to injury muscle and carbohydrates metabolism, and increased intracellular calcium.
The gene network performed using the DE genes showed nine main interaction nodes (Figure 4) , grouped by the v-myc avian myelocytomatosis viral oncogene homolog (MYC), retinoid X receptor alpha (RXRA), actin gamma 1 (ACTG1), mitogen-activated protein kinase 13 (MAPK13), hypoxia inducible factor 1, alpha subunit (HIF1A), SMAD family member 3 (SMAD3), myosin light chain 2 (MYL2), histone deacetylase 1 (HDAC1), and calcium/calmodulin-dependent protein kinase II alpha (CAMK2A) genes, which are related to catalysis and regulation of gene expression (Figure 3 ). Since many interactions were found with these genes, they are possibly involved in the etiology of WS myopathy. Also, there is a link among this network and the pathways enriched using DAVID database, which reinforces the importance of those genes (Table 3, Figure 4 ). 
DISCUSSION
Recent studies have highlighted the role of genetics as a major determinant of WS (Bailey et al., 2015; Alnahhas et al., 2016) . Positive genetic correlations were found between WS and breast meat yield (r g = 0.68 ± 0.06) and to a lesser extent with body weight (r g = 0.33 ± 0.15), two traits that are intensively selected in modern broiler lines (Alnahhas et al., 2016) . Other studies also correlate higher growth rates with the induction of morphological abnormalities of larger fiber diameters, a higher proportion of glycolytic fibers, and a lower proteolytic potential in the muscles (Dransfield and Sosnicki, 1998; Petracci et al., 2012; Kuttappan et al., 2013a; Alnahhas et al., 2016) . In addition, the higher weights of WS fillets compared to normal breasts support the hypothesis that selection for growth rate and breast yield plays a major role in the occurrence of these emerging myopathies (Mudalal et al., 2014) .
DE genes and biological processes related to WS
A large number of DE genes was found between the affected and unaffected broilers, even applying conservative parameters for significance detection (FDR ≤ 0.01). The transcriptome profile obtained in this study is compatible to the complex histopathological alterations already observed in severe WS lesions, such as the increase of adipose and connective tissues, described in previous studies (Kuttappan et al., 2013b; Ferreira et al., 2014; Bailey et al., 2015) . Considering the top 20 DE genes (Table 1) , we also verified genes related to inflammation (IGLL1 and JCHAIN) , oxidative stress (HIBADH and COQ10B) and muscle physiology (CHRND, MDK, CHRNG, PTX3, CRH, and FHL1), which have already been associated to different myopathies in other species, and some of them also in chickens (Camozzi et al., 2006; Trevisson et al., 2011; Hutchins et al., 2014; Ikutomo et al., 2014; Wilding et al., 2014; Mutryn et al., 2015) . Since we have analyzed the phenotype already established (WS), some of the DE genes found in our study could be related to the consequence of the phenotype, such as those associated to inflammation, while others are probably involved in the onset of WS, such as those related to hypoxia.
Using RNA-Seq analysis, Mutryn et al. (2015) found over 1,500 DE genes between broilers affected and unaffected with WB myopathy. Also, a recent microarray study showed over 200 DE genes in WS/WB myopathies in a commercial chicken line (Zambonelli et al., 2016) . A positive genetic correlation between WS and WB was found when two different lines were evaluated (r g = 0.208 ± 0.06 and r g = 0.350 ± 0.07; Bailey et al., 2015) . Both myopathies have similar histological changes, consisting of moderate to severe polyphasic myodegeneration with regeneration of variable amounts of interstitial connective tissue accumulation or fibrosis (Sihvo et al., 2014) . Although there are similarities between these two myopathies, they can be distinguished by their macroscopic characterizations (Griffin et al., 2018) , with WB being characterized by a hardening of the breast muscle typically in the proximal part of the fillet, and may present in more severe cases pale color, surface hemorrhaging and the presence of a sterile exudate on the muscle surface (Bailey et al., 2015) . Besides their histological similarities, it was possible to observe that many pathways and gene families are shared between both myopathies, as found in this and other chicken myopathy studies (Mutryn et al., 2015; Zambonelli et al., 2016) , suggesting that they may have a common etiology. The most important pathways are further discussed.
Hypoxia and carbohydrates metabolism
Several DE genes were related to the hypoxic state of the cells, for instance: HIF1A, endothelin receptor type A (EDNRA), SMAD3, matrix metallopeptidase 2 (MMP2), and cholinergic receptor nicotinic alpha 4 (CHRNA4). One of them, the HIF1A, a transcriptional factor that activates genes in response to hypoxia, is also involved in energy metabolism, angiogenesis, and apoptosis, and was upregulated in this study. This gene interacts with glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase A (LDHA), and phosphoglycerate kinase 1 (PGK) genes from the Glycolysis/Gluconeogenesis pathway, one of the most significant metabolic pathways found in the enrichment analysis in our study, and essential in hypoxia state (Mutryn et al., 2015;  Figures 2  and 3) . Here, a high number of genes and processes related to carbohydrates metabolism were DE (Table 3, Figure 3 ). The impairment of the glucose and carbohydrate metabolism in breast myopathies has been described previously (Mutryn et al., 2015; Abasht et al., 2016; Zambonelli et al., 2016) . Recently, Abasht et al. (2016) showed a significant reduction in glycogen content (FC = 0.59) in PMM affected with WB myopathy. Also, genes and pathways involved in a consistent glycolytic metabolites reduction, such as glucose 6-phosphate, fructose 6-phosphate, lactate, and pyruvate, were observed in the present study being related to WS. In broiler chickens, the WB and WS conditions show some overlapping histological characteristics (Mudalal et al., 2014 ) that may share some common metabolic routes (Abasht et al., 2016) , strengthening the idea that glycolysis/gluconeogenesis pathway must be involved in the development of those myopathies. Mutryn et al. (2015) suggested that the hypoxia-inducible factor-1 (HIF-1) complex has an important role on the hypoxic state in WB myopathy in chickens, and possibly in the WS phenotype, since the HIF1A was upregulated in our study. Furthermore, it is known that the HIF1A also regulates angiogenesis, promoting the upregulation of pro-angiogenic genes and, consequently, the vessel growth when cells are in hypoxia state.
Angiogenesis
The angiogenesis-related processes were enriched according to the GO analysis (Figure 3) , in which the genes EDNRA, transforming growth factor beta receptor II (TGFBR2), C-X-C motif chemokine receptor 4 (CXCR4), connective tissue growth fator (CTGF), midkine (MDK), and angiogenin (ANG), which are involved with the development of blood vessels, were upregulated in affected broilers, evidencing the attempt of the tissue to recover the vascularization and homeostasis (Sumi et al., 2002; Krock et al., 2011) . The lack of vascularization on WS breast muscle has been already reported (Alnahhas et al., 2016) , showing that the attempt of capillary formation is not efficient. In this study, other angiogenesis-related genes, the bone morphogenetic protein 4 (BMP4), reticulon 4 (RTN4), and fibroblast growth factor 1 (FGF1), were downregulated in WS-affected broilers. The FGF gene family, which includes FGF1, is known to stimulate angiogenesis, myogenesis, and tissue repair (Doukas, 2002) . Furthermore, this family is also known to induce angiogenesis in muscle in response to exercise (Gustafsson and Kraus, 2001) . Therefore, we hypothesized that the downregulation of this gene is hindering the capillary and blood vessel formation, as well as the development of new muscle fibers that could lead to tissue regeneration.
Calcium signaling
Another significant pathway found in the WS transcriptome was calcium signaling, which has been previously associated with the occurrence of other myopathies, for instance, WS/WB (Mutryn et al., 2015; Zambonelli et al., 2016) . Considering just WS, there are no previous studies about the genes involved in signaling pathway. However, increased levels of calcium have been already observed in WS-affected when compared to normal tissues (Kuttappan et al., 2013b) . The main mechanisms of calcium function, tissue repair, and regeneration of muscle tissue, and adipose tissue deposition are highlighted below, together with the function of several genes that were found to be DE in our study.
There is evidence that cytoplasmic calcium can trigger the myopathy in the muscle tissue (Millay et al., 2009) . The Ca 2+ is also involved in the activation of cell apoptosis (Pinton et al., 2008) by Natural killer cell cytotoxicity pathway mediation (Table 3 ). Both mechanisms of calcium entrance to the cell, Ca 2+ release from the endoplasmic reticulum and the influx of Ca 2+ capacitive activated by Ca 2+ channels, have apoptogenic function (Pinton and Rizzuto, 2006) . Thus, an intense dysregulation of Ca 2+ can promote cell death by necrosis or by apoptosis, when induced by lighter injuries (Domenech et al., 2003; Salas et al., 2011) . In this study, the CAMK2A gene, which encodes one of the four subunits of calmodulin-dependent protein kinase, was upregulated in WS affected broilers and may be involved in the signaling calcium process (Figure 3 ), possibly by interacting with other genes of this pathway, such as adenylate cyclase 7 (ADCY7), ATPase Ca ++ transporting, cardiac muscle, slow twitch (ATP2A2), and ATPase Ca ++ transporting, ubiquitous (ATP2A3) (Figure 4 ). The ATP2A2, for instance, was also upregulated in WS/WB-affected broilers (Zambonelli et al., 2016) . The CAMK2A activation by the release of cytosolic Ca 2+ results in stress of the endoplasmic reticulum (Salas et al., 2011; Mattiazzi et al., 2015) , triggering the apoptosis through at least three ways: (i) Fas induction mediated by JNK; (ii) STAT1 activation, and (iii) promotion of mitochondrial calcium absorption (Timmins et al., 2009 ). These results suggest that the increased intracellular calcium may be triggering programmed cell death of muscle cells in WS-affected broilers, and switching cell types from muscle fibers to adipocytes and interstitial tissue.
It is also known that the reduced capacity of Ca 2+ transport in the muscle fibers can lead to pathological changes due to increased energy demand and lactate production (Soike and Bergmann, 1998) , initiating severe damage to the tissue, including the activation of intracellular proteases or lipases, resulting in myopathic alterations (Millay et al., 2009; Kuttappan et al., 2013a) . Two ryanodine receptor genes (RYR2 and RYR3) and an uncharacterized protein similar to RYR1 (ENSGALG00000028171), important in the formation of Ca 2+ conduction channels from the sarcoplasmic reticulum to the cytosol, were downregulated in affected broilers in our study, which might contribute to the increase of Ca2+ in the SR of muscle cells of WS chickens. The release of Ca 2+ has a key role in several cellular processes, and an anomalous release could affect the functions related to excitation-contraction coupling machinery and the mitochondrial ROS generation (Zhou et al., 2013; San Martin et al., 2017) leading to the appearance of myopathies. The RYR1 deficiency has already been associated to congenital myopathies in humans, affecting the expression of several proteins involved in calcium metabolism (Zhou et al., 2013) . Some homologous genes, like α RYR-1, have already been associated to pale, soft, and exudative meat in broilers (Droval et al., 2012) , as well as the RYR-1 in swine (Basic et al., 1997) . Other genes involved in cellular contraction process mediated by Ca 2+ were also downregulated in the affected group, as phosphorylase kinase beta (PHKB), troponin C type 1 (TNNC1), troponin C type 2 (TNNC2), and myosin light chain kinase 2 (MYLK2; Figure 3 ). The downregulation of these genes suggests a decrease in muscle contraction processes in broilers affected by WS myopathy.
Apoptosis
Some DE genes in chickens were compatible with the activation of apoptosis promoted by the release of mitochondrial adaptogens. One of them, EDNRA, responsible for activating many cellular signals through the combined actions of G-proteins, GPCR kinases, and arrestins, leading to cell apoptosis (Premont and Gainetdinov, 2007) , was upregulated in broilers affected by WS. The apoptotic response initiated by the G-protein signaling involves the activation of caspases 9 and 3 (Revankar et al., 2004) . The caspase-associated recruitment domain 9 (CARD9) gene, which was upregulated in affected broilers, plays an important role in the regulation of cellular apoptosis by activating caspase family (Liu et al., 2002) , favoring the release of adaptogens by the mitochondria.
The occurrence of apoptosis in muscle cells affected by myopathy cause tissue injuries and should activate the repair systems. Several genes related to immune system (Figure 3 ) and the natural killer cellmediated cytotoxicity pathway (Table 2) were DE in this study. During tissue degeneration, immune cells have immediate access to the injury site, triggering inflammatory responses that will attract immune cells to the lesioned area. Possibly, it results in the cell debris phagocytosis and release of cytokines, prostaglandins and other signaling proteins (Kääriäinen et al., 2000) , creating interstitial spaces. In this study, the non-receptor type Tyr protein kinases family member (SYK) gene, which is involved in coupling activated immunoreceptors to downstream signaling events that mediate diverse cellular responses, such as phagocytosis, was upregulated in PMM tissue affected by WS. The SYK protein plays a central role in signaling of macrophages, being expressed in the surface of phagocytes, and is essential for the recognition of apoptotic cells (Tohyama and Yamamura, 2009) . Together, these events of the immune system and inflammatory cells release factors that activate the satellite cells (i.e., resident stem cells) to start the regeneration of damaged myofibrils (Kääriäinen et al., 2000) . Those cells are located in the periphery of muscle fibers and provide the myogenic precursors for muscle cell growth after injury (Halevy et al., 2000) . When the lesion is severe and continuous, regeneration process will be ineffective, leading to fatty degeneration (Natarajan et al., 2010; Kuttappan et al., 2013b) . In this case, the pluripotent muscle stem cells will differentiate to adipocytes or fibroblasts (Brack et al., 2007) , due to the influence of muscle fiber degeneration, resulting in fibrosis and lipidosis in the tissue. These patterns have already been described in other studies that evaluated histopathological characteristics of WS, such as increase in connective tissue with varying degrees of myofibrilar degeneration and regeneration with white lines composed of adipose tissue (Hosoyama et al., 2009; Kuttappan et al., 2013b; Bailey et al., 2015) .
Tissue morphogenesis and proliferation
Several of the DE genes were related to tissue morphogenesis and proliferation ( Figure 3 ) and were grouped in metabolic pathways such as regulation of actin cytoskeleton (Table 3) . After apoptosis, the first step for the damaged tissue recovery is the proliferation of satellite cells activated by growth factors secreted by macrophages, differentiating into myoblasts and merging into multinucleated myotubes (Kääriäinen et al., 2000) . An important gene related to the cell proliferation is the TGFBR2, which was upregulated in WS-affected animals. Other genes, protein tyrosine phosphatase receptor type C (PTPRC), CD80 molecule (CD80), MDK, and CD47 molecule (CD47), which regulate cell growth, differentiation, and mitosis, were upregulated in our study, highlighting the attempting of tissue regeneration.
The WS phenotype is visualized with white lines composed of adipose and connective tissue (Kuttappan et al., 2013b) resulting from the regeneration of the lesioned muscle and adipose tissue deposition. The appearance of those white lines matched with the DE genes related to cell proliferation and lipid metabolism genes. The rho-associated coiled-coil containing protein kinase 2 (ROCK2) gene, downregulated in WS-affected chicken, encodes the serine/threonine kinase protein that regulates the cytokinesis, smooth muscle contraction, the formation of actin stress fibers and the focal adhesions. Studies have shown that the inhibition of ROCK stimulates adipogenesis in the muscle fiber cells (Hosoyama et al., 2009) . Furthermore, several lipid metabolism genes were upregulated in affected samples analyzed in our study, being candidate genes favoring fat deposition in the tissue, which is the main visual alteration in WS myopathy. The cholesterol 25-Hydroxylase (CH25H) gene is involved in cholesterol and lipid metabolism, while the adipose differentiationrelated protein (PLIN2) is responsible for intracellular lipid storage droplets, and the lipoprotein lipase (LPL) gene catalyzes the hydrolysis of ester bonds within hydrophobic lipids. Furthermore, the accumulation of lipids could also be a consequence of the lack of oxygen and hypoxia (Boerboom et al., 2018) .
According to the results from our study, the angiogenesis, glycolysis/gluconeogenesis, signaling calcium and apoptosis were the main pathways possibly involved in the occurrence of the WS phenotype. It has been known that the intense selection in the last decades prioritized rapid growth and performance traits in meat-type chickens. However, this genetic progress was not proportional in other physiological systems, as skeletal frame and circulatory, implicating in musculoskeletal and cardiovascular problems in broiler chickens (Lilburn, 1994; Julian, 1998) . Some studies have related the intense selection for high-breast yield to the occurrence of myopathies (Kuttappan et al., 2012a; Petracci et al., 2015; Alnahhas et al., 2016) . Therefore, we hypothesize that the reduced movement of the animals and muscle compression of the tissue result in a lack of muscle blood supply, which could trigger a series of events, such as activation of glycolysis, hypoxia, calcium signaling, and apoptosis, resulting in muscle lesions and probably being responsible for the WS appearance. After the tissue injury, cellular mechanisms are activated in order to promote cell proliferation, fibrosis, and lipidosis in the muscle lesioned area.
This study pointed out several DE genes that might be considered as candidates to contribute to the WS etiology. We have also highlighted pathways involved in this myopathy and most of them are in agreement with other WS studies (Kuttappan et al., 2017; Boerboom et al., 2018) . According to the main processes and pathways found in this study, the FGF1, ANG, HIF1A, EDNRA, CSRP3, FHL1, CRH, and CAMK2A genes were considered the most important for future evaluation, since they are possibly related to the onset of WS.
CONCLUSIONS
The present study using RNA-Seq analysis is an important step to understanding the genetic basis of the occurrence of WS in the pectoral muscle of broiler chickens. The profile of DE genes in affected broilers was associated with hypoxia followed by unsuccessful angiogenesis, leading to the cell to start an apoptotic state and later structural recovery of the tissue through fibrosis and lipidosis. This study highlights that capillary formation problems could possibly be the cause of the physiological imbalance triggering the WS phenotype.
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